Renalase is a recently discovered flavin adenine dinucleotide (FAD)-dependent soluble monoamine oxidase. It is expressed principally in the kidney, but its expression in the heart, brain, and skeletal muscle has also been confirmed. It is thought that renalase is involved in cardiac function and control of systemic blood pressure primarily by metabolizing circulating catecholamines. Animal experiments have suggested the possibility that exercise is involved in renalase secretion, but this has not been confirmed in human studies. The principal aim of the present study was to investigate the relationship between exercise and renalase concentration in humans. Subjects were young men who were continuously training to run distances of 10-20 km; the total distance that was run in the present study was 30 km. Measurements were performed at four points (before running and after running 10 km, 20 km, and 30 km). The results of one-way analysis of variance examining repeated measurements of serum renalase concentration revealed significant differences (P = 0.007). A significant negative correlation between serum renalase concentration and estimated glomerular filtration rate, which indicates renal function, calculated using serum cystatin C concentration was noted. A significant positive correlation between serum renalase concentration and oxidative stress was observed in the period before exercise and after running 20 km. The present study verified the exercise-induced increase in serum renalase concentration in amateur runners who were continuously training.
Introduction
Renalase is a recently discovered flavin adenine dinucleotide (FAD)-dependent soluble monoamine oxidase. The renalase gene has 9 exons spanning approximately 311,000 bp. It resides on chromosome 10 at q23.33 and forms 342 amino acids. It is principally expressed in the kidney, but its expression in the heart, brain, and skeletal muscle has also been confirmed. Its main function is to metabolize circulating catecholamines 1, 2) . Because catecholamines are not metabolized when renalase decreases, it is thought that blood pressure increases as the level of catecholamines increases. Therefore, it is said that the role of renalase is the regulation of cardiac function and blood pressure 3) . Human diseases in which the tissue and blood levels of renalase are decreased are essential hypertension, chronic kidney disease, and preeclampsia [4] [5] [6] . In addition, renalase decreases even when salt intake is high or when there is a lack of potassium intake 7) . The abovementioned diseases or lifestyle habits have hypertensive symptoms as a clinical symptom or health risk. In a study related to the blood pressure regulation of renalase, subcutaneous administration of renalase in hypertensive model rats was performed. Administration resulted in a decrease in circulating catecholamines and a decrease in blood pressure of about 15% 8, 9) . There is a study on the relationship between renalase and exercise in rats conducted by Czarkowska-Paczek and colleagues in 2013. There was no significant difference in the serum renalase concentration during both acute exercise and endurance training, but renalase mRNA expression in the kidneys at rest after 6 weeks of endurance training was significantly increased compared to that in rats without training 10) . This study suggested the possi-*Correspondence: shinbelon@mwa.biglobe.ne.jp bility that exercise and renalase levels might be related. However, there has not been an investigation into the association between exercise and renalase levels in humans.
The present study is the first study aimed at investigating the relationship between exercise and renalase in continuously training amateur runners. Such a relationship could not be shown in the study by Czarkowska-Paczek et al. 10) , since continual exercise for a period longer than 60 minutes is required. In order to measure the concentration of serum renalase as an indicator of the general condition of the body, measurements were performed during and after exercise. We also examined the association of renalase with kidney function, as the kidney is the main organ of renalase expression, and the relationship of renalase with oxidative stress.
Materials and Methods

Subjects.
Eleven young men who were continuously training and ran about 10 to 20 km per week were recruited. One of them ceased exercise because of lower extremity cramping at the end of 20 km, so he was excluded from the analysis (n = 10). The characteristics of the subjects are shown in Table 1 . Before starting the experiment, we explained to all subjects the background, purpose, and hazards of the study, and then gained consent in writing afterwards. This study was conducted with the approval of the sports ethics committee of the Graduate School of Comprehensive Human Sciences, University of Tsukuba (Approval number: 27-149).
Procedures. We set up a 5-km course at the University of Tsukuba for this research. The total distance of 6 round trips was 30 km. The points of measurement were before running, and at distances of 10 km, 20 km, and 30 km. Due to the physical burden of before running measurements on subjects, the measurements were taken the day before under the same conditions as the actual day of running. We performed a cardiopulmonary exercise test in advance using a treadmill and calculated the ventilatory threshold (VT), and we set 90% VT as the running speed. The 5 km lap times of the subjects are shown in Table  2 -a. They ate a breakfast of 400 kcal (protein: 8 g, lipids: 21.9 g, carbohydrates: 41.7 g) of a solid nutrition supplement, to prevent hypoglycemic symptoms and maintain a constant running pace, 1 hour before the test [11] [12] [13] [14] . Then they ate jelly that provided 180 kcal (carbohydrate 45.2 g) at the 15-km point. These were to prevent hypoglycemia and to minimize digestive activity during running from a nutritional point of view. They had free access to a sports drink every 5 km for hydration; the contents of sodium and potassium in the drink were 0.54 g/l and 0.2 g/l, respectively. The volume of sports drink that subjects drank is shown in Table 2 -b, and the hematocrit value of each subject is shown in Table 2 Testing (LUCOCARD MyDIA, ARKRAY, Inc., Kyoto, Japan). For other measurements, blood was sampled from the antecubital vein at the measurement points without using an indwelling needle. For the measurement that was taken before running, blood was collected after the subject had been sitting for more than 30 min and after resting for 1 h after breakfast. For each distance of 10 km, 20 km, and 30 km, blood was collected within 1 min of arriving at each distance marker. The collected blood was allowed to stand at room temperature for 30 min and then centrifuged at 3000 rpm for 10 min to obtain serum. It was stored at -80 °C until measurement. The serum was used for measurement of concentrations of creatine kinase (CPK), urea nitrogen (BUN), creatinine (CRE), cystatin C (CysC), 2-thiobarbituric acid reactive substances (TBARS), and renalase. Measurement was carried out in Tsukuba i-Laboratory Limited Liability Partnership (Ibaraki, Japan) using the Japan Society of Clinical Chemistry (JSCC) Standardization Corresponding Method for CPK, Urease ultraviolet Method for BUN, and Enzyme Method for CRE. CysC was measured by enzyme linked immunosorbent assay (ELISA) using Cystatin C Human ELISA (BioVendor Laboratory Medicine, Inc., Brno, Czech Republic). TBARS was measured using the thiobarbituric acid method. Renalase was measured by ELISA using the FAD-Dependent Amine Oxidase ELISA Kit (Cloud-Clone Corp, Houston, USA). In addition, glomerular filtration value estimated value (eGFR) was calculated using the renal function presumption formula and serum CRE and serum CysC concentrations to evaluate kidney function during running. eGFR using serum CRE concentrations was calculated using 
Results
Physiological response during running. The rate of increase in serum CPK concentration is shown in Fig. 1 . A significant difference was shown by one-way repeated measures analysis of variance (P < 0.01). The glomerular filtration value estimated value (eGFR-CysC) using the concentration of serum CysC showed normality (P > 0.05); therefore, one-way analysis of variance was performed by repeated measurements, which showed a significant difference (P < 0.001, Fig. 2 ). Fig. 3 shows the Comparison of GFR-CRE and eGFR-CysC according to the running distance. Both parameters evaluated kidney function, but showed different trends. The rate of increase of TBARS is shown in Fig. 4 . Since the rate of increase of TBARS did not show normality (P < 0.0001), a significant difference was found in the Kruskal-Wallis test (P < 0.01). Since the rate of increase of GLU did not show normality (P = 0.031), a significant difference was not found in the Kruskal-Wallis test (P = 0.051).
Change in serum renalase concentration. Changes according to running distance are shown in Fig. 5 . Since serum renalase concentration showed normality (P > 0.05), one-way analysis of variance was performed by repeated measurements, and a significant difference was shown (P < 0.01). In addition, the post hoc test revealed a significant increase in renalase levels at 10 km and 20 km compared to that before exercise (P < 0.01).
Relationship between serum renalase and renal function, and oxidative stress. We examined the correlation between serum renalase concentration and eGFR-CRE and eGFR-CysC. A significant correlation was seen only with eGFR-CysC (Fig. 6 ) (P > 0.05 and P > 0.01, r = -0.473, respectively). Regarding the association between serum renalase concentration and oxidative stress, the correlation between serum renalase concentration and rate of Comparison of between the glomerular filtration value estimated value using the concentration of serum cystatin C (eGFR-CysC) and the glomerular filtration value estimated value using the concentration of serum creatinine (eGFR-CRE). 
Discussion
The present study is the first to investigate the change in serum renalase concentration during exercise in humans. In the study of rats by Czarkowska-Paczek et al. 10) , increase of TBARS was analyzed. There was no correlation between the results before running and after running 30 km, but a significant positive correlation was observed between the period before running and after running 10 km and before running and after running 20 km (Table 3) . Correlation between serum renalase concentration and the glomerular filtration value estimated value using the concentration of serum cystatin C(eGFR-CysC). The analysis is Spearman's rank correlation coefficient. P (probability) < 0.01, r (correlation coefficient) = -0.473. There was a significant negative correlation between serum renalase concentration and eGFR-CysC. Correlation between serum renalase and 2-thiobarbituric acid reactive substances (TBARS) according to running distance. The analysis is Spearman's rank correlation coefficient. *P < 0.01 exercise was performed at a speed of 28 m/min for 60 min, and the serum renalase concentration did not show a significant change. On the other hand, in our study, it increased significantly with running long distances of 10 km and 20 km with the exercise intensity set to 90% VT. Distance running for a long period of time may be the reason for the significant increase in serum renalase concentration in this study, which could not be demonstrated in the study by Czarkowska-Paczek et al. 10) . In other words, unless the exercise requires a certain amount of physical burden, changes in serum renalase concentration may not be seen because of homeostasis.
In the in vitro study performed by Wang et al., the addition of catecholamine to renal cells increased renalase secretion and mRNA expression 16) . In addition, in the in vivo studies conducted by Li G et al., parenteral administration of catecholamines to chronic kidney disease model rats significantly increased renalase activity and blood renalase levels 17) . In these previous studies, a rise in catecholamine levels increased blood renalase levels by some physiological action. In the present study, it was presumed that the catecholamine level increased due to exercise, which suggests that the serum renalase concentration increased. Also, catecholamine levels may contribute to the lack of a significant difference in the serum renalase concentration after 30 km relative to that prior to exercising. At around 20 km, the catecholamine level may not be increasing, it may have stabilized at a certain level, or it may have declined with exercise. It is possible that catecholamines may have been mobilized to degrade liver glycogen. Renalase plays a role in the metabolism of catecholamines as monoamine oxidase; on the other hand, the expression and secretion of renalase is promoted by catecholamines. Although the mechanism of action is still unknown, renalase and catecholamines are both controlled and appear to maintain homeostasis. Therefore, if renalase is deficient, catecholamines are not metabolized and their levels become excessive, which is thought to raise the blood pressure 3) . But the increase in blood pressure is not only due to the excess of catecholamines as a result of the lack of degradation. It seems that there is a problem if an increase in catecholamines does not induce renalase expression or secretion. Alternatively, as was stated in the study by Li G et al., there may be a substance that inhibits the expression and secretion of renalase. However, in this study, it was not possible to measure plasma catecholamine concentration and blood pressurerelated items, so the relationship between renalase and catecholamine in exercise is not clear. In future research, we need to clarify this point.
Serum CPK concentration, which is an indicator of tissue damage after exercise, showed a significant increase with running distance of rate increase. Similarly, the serum CRE concentration also increased significantly according to the running distance. However, serum CRE concentrations and serum CysC concentrations, which are indicators of renal function, did not show a similar trend. CRE is made by metabolizing creatine, which is the energy source of muscle; therefore, it increases with exercise similar to the serum CPK concentration. Although serum CRE concentration reflects kidney function at rest, it cannot be said that the process of production reflects kidney function at the time of exercise. Conversely, CysC is a serum protein that is produced and secreted by somatic cells, and the production amount is constant. In addition, it is less susceptible to extracellular influences such as inflammation because it encodes a house-keeping gene. Since CysC secreted extracellularly is reabsorbed only in the proximal renal tubules of the kidney, the blood concentration of CysC depends on the glomerular filtration value 18) . Therefore, it is a measurement item that is suitable for evaluating kidney function during exercise. A similar opinion was also expressed in a previous study evaluating kidney function during exercise [19] [20] [21] . In this study, serum renalase concentration and eGFRCysC showed a significant negative correlation. That is, as serum renalase concentration increased, eGFR-CysC, which is an indicator of kidney function, declined.
A significant positive correlation was found between the rate of increase of TBARS and serum renalase concentration in both the period before running and after running 10 km and before running and after running 20 km. In both cases the TBARS increase rate and serum renalase decreased, but no correlation was found in the period from after running 20 km to after running 30 km. Although the antioxidant effect could not be measured in this study, it could be a possible cause of the decrease of TBARS 22, 23) . The study of Li et al. showed a significant increase in renalase expression with increasing oxidative stress in a mice model of ischemia-reperfusion injury, and it was suppressed by antioxidants 24) . In addition, it has been reported that renalase increases during ischemiareperfusion and has the effect of protecting organs [25] [26] [27] . There was also a significant increase in oxidative stress in this study, which is presumed to be ischemia of an organ or organ damage due to exercise 28) . Therefore, it is speculated that an increase in serum renalase concentration due to exercise may also contribute to protection from organ damage due to exercise.
This study could demonstrate an increase in serum renalase concentration by exercise in amateur runners who are continuously training. However, this study examined subjects who were continuously training and ran about 10 to 20 km per week. Therefore, it cannot be said that the same results would be obtained in persons who are not training.
Many aspects about renalase remain unknown, and further research by conducting in vivo and in vitro experiments is needed for elucidating its association with exercise.
